I n all three domains of life, translational GTPases (trGTPases), highly conserved members of the G protein family, play diverse and central roles during protein biosynthesis (1) (2) (3) . G proteins can be regarded as molecular switches that are driven by GTP hydrolysis and cycle between the active GTP-bound state and the inactive GDP-bound form. Although many G proteins require an external GTPase activating protein (GAP) to trigger efficient GTP hydrolysis (4, 5) , trGTPases that interact with the ribosome appear to be activated by RNA rather than by a classical GAP (6) . In bacteria, ribosome-activated GTPases include the universally present elongation factors (EF)-Tu, EF-G and EF-4 (LepA) and the initiation factor IF2, as well as the less frequently found, yet highly conserved, release factor RF3, tetracycline resistance proteins (TetO), or the selenocystein incorporation factor SelB (7) . Besides the high sequence and structure similarities, trGTPases share the way of association with the large ribosomal subunit, close to the A-site. Biochemical and structural studies identified the sarcin-ricin loop (SRL) of 23S rRNA as one of the most pivotal rRNA elements for trGTPase functioning (8) (9) (10) (11) (12) . The SRL represents one of the most highly conserved sequences of ribosomal RNA, and its tip has been shown to closely approach the bound GTP molecule in the respective G domains of trGTPases (9, 12) . Several lines of evidence highlight the importance of the SRL for effective binding of trGTPases to the ribosome (13, 14) . Other studies revealed a more intricate involvement of the SRL for GTPase activation that goes beyond mere factor binding (14, 15) .
The two cytotoxins α-sarcin and ricin cleave or depurinate the SRL at a single site at positions A2662 and A2660, respectively (16) . These alterations in the SRL result in a complete block of translation, which is thought to be the consequence of an impaired activation/binding of trGTPases (17) . Recent crystal structures of EF-Tu (12) , or EF-G (9, (18) (19) (20) (21) bound to the ribosome stimulated considerations about the mechanism of ribosome-triggered GTP hydrolysis. Based on the close proximity of the phosphate oxygen at position A2662 of the SRL to the supposedly catalytic histidine of EF-Tu (His84) or EF-G (His87) (Fig. 1A ), a catalytic model for GTP hydrolysis was proposed (12, 20) . In the suggested scenario, the nonbridging oxygen at A2662 positions His84 in its catalytic conformation, thus enabling it to act as a general base by subtracting a proton from the hydrolytic water that attacks the γ-phosphate of GTP (12) . This model stimulated an intense scientific discussion in the field (22, 23) , because it is not fully compatible with certain biochemical, genetic (24) , structural (25) , and molecular dynamics simulation (26) data.
To shed light on the possible function of the A2662 phosphate oxygen for activation of trGTPases, we applied here an atomic mutagenesis approach (27) . The core of this technique is based on the in vitro reconstitution of functional 50S ribosomal
Significance
Translational GTPases are key players in ribosomal protein synthesis. Their intrinsic GTPase activity is low and is stimulated by ribosome association. Although it has been shown by structural and biochemical studies that the sarcin-ricin loop of ribosomal RNA (rRNA) closely approaches the supposedly catalytic His of elongation factor (EF)-G and EF-Tu and thereby may contribute to GTP hydrolysis, the exact mechanism of activation remains unclear and is a matter of controversial debate. Using the atomic mutagenesis approach that allows incorporation of nonnatural 23S rRNA nucleotides into 70S particles, we show that a nonbridging phosphate oxygen of rRNA is key for GTP hydrolysis of translational GTPases. To date, this is only the second rRNA backbone residue shown to be critical in ribosome function.
particles of Thermus aquaticus (T. aq.) from a circularly permuted (cp) 23S rRNA transcript that leaves a sequence gap lacking the SRL segment (Fig. 1B) . During in vitro assembly, this sequence gap is filled with a synthetic RNA oligonucleotide encompassing the SRL region that carries the desired nonnatural nucleotide modification at A2662 (Fig. 1B) . The atomic mutagenesis approach has previously been successfully applied to study the role of A2660 in the SRL for GTPase activation (15) and elucidated the stringent requirement for the A2660 exocyclic amino group. Here we applied this method for the first time, to our knowledge, to study the role of an rRNA phosphate backbone group in GTPase activation. We individually replaced either of the two nonbridging phosphate oxygens at A2662 with a methyl group by the introduction of a methylphosphonate instead of the natural phosphate. Our major finding is that only one of the two resulting diastereomers is compatible with efficient GTPase activation on EF-G and EF4 (LepA). Our data strongly corroborate that the nonbridging proS P phosphate oxygen at the SRL position A2662 is critically involved in the activation of GTP hydrolysis and thereby suggest a profound mechanistic scenario for ribosome-triggered activation of trGTPases.
Results
Chemical Synthesis and Integrity of the A2662 MethylphosphonateModified SRL Diastereomers. To address the role of the nonbridging phosphate oxygens of A2662 in activation of EF-G GTP hydrolysis (Fig. 1A) , we prepared SRL fragments that carried a methylphosphonate at the corresponding position ( Fig. 1 B and C) .
The replacement of a nonbridging phosphate oxygen by a methyl group was selected, as the latter has no proton acceptor capability and has no lone pair of electrons, thus erasing any possibility for classical hydrogen bond formation (28) (29) (30) (31) (32) (33) . In addition, by replacing the oxygen through a methyl group, the negative charge at the rRNA backbone at this position is eliminated, which allows investigating the putative role of this charge at A2662 in affecting the acid-base behavior of the conserved His87 and its consequences on GTP hydrolysis.
The methylphosphonate modification generates chirality at the phosphor atom and results in two possible diastereomeric RNAs (R P and S P ; Cahn-Ingold-Prelog nomenclature is used throughout the manuscript) (28) . Importantly, our experimental design allowed individual access to either of the two diastereomers (Fig. 2) . Solid-phase synthesis first provided a diastereomeric mixture of the short 8-nt methylphosphonate oligonucleotide covering the sequence from C2658 to A2655, followed by separation of the two diastereomeric strands using reversed-phase HPLC ( Fig. 2A) . Then, templated enzymatic ligation to achieve the required 45-nt SRL stem-loop segment was conducted with either of the two RNA diastereomers and proceeded in high yields (Fig. 2B) .
To verify the structural integrity of the methylphosphonate modification that was used in combination with a 2′-deoxy or alternatively a 2′-OCH 3 at G2661 to avoid strand cleavage (31), we performed imino proton 1 H NMR spectroscopy of a corresponding 27-nt SRL RNA, namely 5′-UGC UCC UAG UAC GA(2′-OCH 3 -G-mP-A)GG ACC GGA GUG (Fig. 3) . Both diastereomers showed nearly identical spectra compared with the WT RNA with the natural phosphodiester moiety (Fig. 3B ). This observation unequivocally confirmed proper folding into the hairpin in aqueous buffer solution. Additionally, the stereochemical assignment of the two diastereomeric RNAs was tentatively achieved based on nuclear Overhauser enhancement (NOE) patterns observed in a NOESY 1 H, 1 H NMR spectrum (Fig. 3D) . To obtain even more detailed structural insights, we put significant efforts into crystallography and indeed succeeded in solving the crystal structure of the 2′-OCH 3 -G2661-mP-A2662 R P diastereomer of the 27-nt SRL RNA at 1.0-Å resolution (Fig. 4 and Table S1 ). The high-resolution structure reveals that the methylphosphonate adopts a similar conformation as observed for the specific phosphate in the natural RNA [RMSD of 0.08 Å with the unmodified isolated SRL (Fig. 4 and Fig. S1 ) and RMSD of 0.84 Å within the context of the 70S ribosome, PDB 4YBB (34) (Fig. S2) ]. The methyl group of the R P methylphosphonate at A2662 is directed outward and coincides with the orientation of the native proS P nonbridging oxygen.
Taken together, our NMR spectroscopic and X-ray crystallographic analysis provided strong evidence for the structural integrity of the methylphosphonate modification, which represented a fundamental prerequisite for the functional studies described below. The synthetic strand was subsequently placed into the 50S ribosomal subunit via the atomic mutagenesis procedure (27) . First, we addressed the correct assembly of reconstituted ribosomes, carrying either the WT SRL sequence or one of the methylphosphonate stereoisomers by testing their ability to catalyze peptide bond formation via the puromycin reaction. Results of the puromycin assay showed that both the synthetic SRL fragment carrying the R P and the S P stereoisomer are as active as the WT construct in peptide bond formation (Fig. S3) . Because peptide bond formation, a reaction catalyzed by the ribosomal peptidyl transferase center (PTC), proceeds as a single turnover reaction under these conditions (35) , one can conclude from these data that comparable amounts of correctly assembled 50S particles were generated in all cases. Globally the 50S ribosomal subunit has to be properly assembled to associate with the native 30S subunit to function in the puromycin assay under the applied conditions. Therefore, we conclude from these data that the methylphosphonate modification at A2662 is well tolerated in the overall assembly of the 50S ribosomal subunit and for 70S association.
Only One A2662 Methylphosphonate Diastereomer (R P ) Interferes with GTPase Activation. To test the modified ribosomes for stimulation of EF-G GTP hydrolysis, we performed an uncoupled GTPase assay (15) . We used radioactively labeled GTP and followed GTP hydrolysis over time. GTP hydrolysis in the presence of ribosomes lacking the complementing SRL RNA oligonucleotide was considered as background and subtracted from all values. Ribosomes carrying the unmodified (WT) SRL sequence very efficiently stimulated EF-G GTP hydrolysis (Fig. 5) . Nearly all GTP, present in the reaction, was hydrolyzed by EF-G within the first 15 min. Ribosomes carrying the methylphosphonate in the S P configuration were still able to stimulate EF-G GTP hydrolysis, although hydrolysis was reduced compared with the WT control (Fig. 5A) . We determined the initial rate of GTP hydrolysis, which was 0.068 s −1 and therefore about eightfold reduced compared with reconstituted ribosomes harboring the WT SRL oligo (0.535 s −1 ). These data are consistent with our structural data of the SRL, indicating that in the S P stereoisomer the methyl group points toward the inside of the SRL loop (Figs. 3A and 4), whereas the remaining nonbridging phosphate oxygen is directed outward and faces the catalytic center of EF-G. It can thus potentially activate the conserved His87. Ribosomes carrying the methylphosphonate in the R P configuration did not stimulate EF-G GTP hydrolysis significantly above background and revealed a drastically 37-fold reduced GTPase rate (Fig. 5A ). In our previous study using the same in vitro reconstitution construct as here (Fig. 1B) , we demonstrated that EF-G binding to T. aquaticus ribosomes was not affected by manipulations or ablation of the SRL (15), thus excluding binding defects as cause of the observed differences in EF-G GTPase. These results clearly demonstrate that the nonbridging phosphate oxygen of A2662 in the proS P configuration plays a critical role in stimulating EF-G GTP hydrolysis.
As it was proposed that the mechanism of GTPase stimulation by the ribosome and GTP hydrolysis is conserved for all trGTPases (12), we tested ribosomes carrying the methylphosphonate modification for their ability to stimulate GTP hydrolysis of EF4 (LepA). The overall GTPase activity of EF4 in our assay was markedly lower, about fourfold reduced, compared with EF-G. In accordance with the EF-G data above, essentially no EF4 GTP hydrolysis was observed in the presence of ribosomes carrying the R P stereoisomer of the methylphosphonate analog at A2662 (0.001 s On the other hand, the S P diastereomer was able to trigger EF4 GTPase, albeit to a lesser degree than the unmodified WT SRL fragment (Fig. 5B) .
In sum, these results demonstrate that the nonbridging phosphate oxygen in the proS P configuration that points toward the key GTPase residue His87 (see refs. 12 and 20 and our own structural data, Figs. 3A and 4) is essential for stimulation of GTP hydrolysis by EF-G and EF4.
A2662 Thiophosphate Diastereomers Both Have WT Activities in
GTPase Hydrolysis. For an additional reference experiment, we substituted the nonbridging oxygens of the original phosphate at position A2662 by sulfur atoms (Fig. 1C, Right) . SRL strands with both thiophosphate configurations were individually synthesized using the same strategy as elaborated for the methylphosphonates described above (Fig. 2) . Subsequently, these RNAs were incorporated into the 50S ribosomal subunit. Like a phosphordiester group in the RNA backbone, the thiophosphate analog is charged, and therefore, its chemical properties are much closer to the original phosphate compared with the methylphosphonate. Its pK a value is estimated to be decreased by only about one unit [compare, for example, HSPO 3 2− pK a 5.5 and HPO 4 2− pK a 6.8 (36) ; or GMP pK a 6.2 and GMPS pK a 5.0 (37)] and thus, it is not surprising that the thiophosphate analog of A2662 was active in the EF-G GTPase assay (Fig. 6A and Fig. S4A ). More precisely, both thiophosphate diasteromers could stimulate GTP hydrolysis as efficiently as the WT control. These data support the conclusion that the negative charge of the backbone moiety between SRL G2661 and A2662 represents a crucial determinant in the mechanistic scenario of GTPase activation.
Elimination of the Negative Charge at the A2662 Renders GTP Hydrolysis pH Dependent. It has been shown before that GTP hydrolysis by EF-Tu is pH independent (in the range between pH 6.5 and 8.5) and therefore a primary role of His84 (EF-Tu) as a general base in GTP hydrolysis was excluded (24) . However, molecular simulation experiments lead to the suggestion that removal of the negative charge at the phosphate backbone at position A2662 would render the reaction pH dependent (38) . Consequently, we decided to test ribosomes carrying the methylphosphonate in the S P configuration in activation of EF-G GTP hydrolysis at different pH values between 7.4 and 6.0. In parallel, we tested ribosomes carrying the WT SRL sequence, for which we expected pH independence as demonstrated previously for EF-Tu and ribosomes composed of natural 50S (24) . It has been shown previously that within this pH range both the elongation factor and the ribosome stay intact (39, 40) . In our hands, reconstituted ribosomes harboring the WT SRL fragment efficiently stimulated EF-G GTP hydrolysis at all pH tested; only at the lowest pH 6.0 did we observe a slight decrease in the reaction rate ( Fig. 6B and Fig. S4B ). Modified ribosomes containing a methylphosphonate in the S P configuration at position A2662, however, did not efficiently stimulate GTP hydrolysis at lower pH values, and the relative reaction rates dropped markedly compared with the WT control (Fig. 6B) . Thus, substituting the nonbridging oxygen by a methyl group and concomitantly eliminating the negative charge )] were calculated from the first three time points, for relative GTP hydrolysis rates (k rel ). WT hydrolysis rate was set to 1 (Bottom). (B) Uncoupled EF4 GTPase activity stimulated by reconstituted ribosomes. Experiments and analysis were performed as described above for EF-G. Modified SRL oligomers contained the 2′-OCH 3 -G2661-mP-A2662 unit.
at A2662 renders the EF-G promoted GTP hydrolysis reaction pH sensitive.
Discussion trGTPases possess low intrinsic GTP hydrolysis activity, which is, however, substantially stimulated by ribosome association, suggesting that a part of the ribosome is involved in catalysis or in some conformational arrangements in the trGTPases required for GTP hydrolysis. It has been shown by structural and biochemical data that residues G2655, A2660, G2661, and A2662 (9, 10, 12) of the SRL are involved in binding of EF-Tu or EF-G to the ribosome, suggesting they may also contribute to GTPase activation. Using the atomic mutagenesis approach, the nucleobase exocyclic amino group of A2660 was identified as critical for EF-G GTPase activation; however, the exact contribution of this residue remained unclear (15) . One possible scenario is that it contributes to the correct arrangement of the catalytic center of trGTPases by stacking interactions, which is emphasized by a recent crystal structure of EF-G on the ribosome, where A2660 was suggested to stack on Arg660 of EF-G (18) .
Another residue of the 23S rRNA, which was proposed to be involved in GTPase activation, is the nonbridging phosphate oxygen of A2662. Based on the structure of EF-Tu on the ribosome, Vorhees et al. suggested a mechanism for GTP hydrolysis. In this model, His84 acts as a general base catalyst and is activated by the phosphate oxygen of A2662 (12) . However, as GTP hydrolysis is pH independent, one may exclude that His84 functions as a general base catalyst (24) . Furthermore, the fact that the conserved histidine is surrounded by several negative charges indicates its pK a to be elevated and thus its side chain to be protonated at physiological pH (41) . Nevertheless, the proposed general base mechanism continues to be intensively discussed and the role of the SRL, and the conserved histidine remains unclear (22, 23) . Recent studies favor a model where GTP hydrolysis is activated via substrate-assisted catalysis, thereby highlighting the importance of functional groups on the GTP substrate for the phosphoryl transfer mechanism (41, 42) . However, the contribution of the nonbridging phosphate oxygen at position 2662 of rRNA to GTP hydrolysis is still unclear.
Here we addressed this open point by using the atomic mutagenesis approach to site specifically modify the phosphate backbone of the rRNA. Thereby, we demonstrated that one of the nonbridging phosphate oxygen (proS P ) at A2662 is involved in activation of EF-G GTP hydrolysis, as its replacement with a methyl group results in ribosomes severely hampered in triggering EF-G GTPase (Fig. 5) . On the other hand, ribosomes harboring the S P diastereomer of the methylphosphonate-modified SRL, which renders the residual nonbridging oxygen in proper orientation, directed toward the crucial histidine (Fig. 3) , still possess substantial activity in triggering GTP hydrolysis. This observation is evidence that the mere introduction of a methyl group at this position of the SRL does not globally disrupt rRNA architecture (Fig. 4A and Fig. S1) ; thus, the observed effects with the two diastereomers can be considered as specific. Nevertheless, the active stereoisomer (S P ) did not stimulate EF-G GTPase hydrolysis as efficiently as ribosomes carrying a regular phosphodiester bridge between positions G2661 and A2662. It is possible that replacing the nonbridging proR P oxygen by the more bulky methyl group renders the SRL structure less compact. In any case, this replacement unsets one original hydrogen bond, between the proR P oxygen and the exocyclic amino group of G2659. Also, the NMR spectra indicated that rotation of the methyl group (S P diastereomer) is slightly hindered at low temperature (Fig. 3C , Lower) compared with rotation of the methyl group of the corresponding R P diastereomer (Fig. 3C, Upper) . Thus, it cannot be completely excluded that introducing a methyl group in the S P configuration may slightly affect the functionally competent loop conformation for efficiently triggering GTP hydrolysis.
A more likely and favored explanation for the reactive, but eightfold reduced, activity of the S P configurated methylphosphonate is the following: the introduction of the methyl group instead of the nonbridging oxygen removes a negative charge at the A2662 backbone. This charge, however, is substantial for the interaction with His87, enabling the formation of a very strong hydrogen bond. Removing the charge at the nonbridging oxygen (S P diastereomer) is consistent with weakening these interactions and hence reducing activity for GTP hydrolysis. Likewise, total replacement of the nonbridging oxygen by a methyl group (R P diastereomer) is consistent with abrogating these interactions and consequently abolishing substrate hydrolysis.
The negative charge of the phosphate may contribute to increase the pK a of the catalytic histidine and thus enable protonation Fig. 6 . Impact of A2662 thiophosphate SRL (A) and pH dependence of A2662 S P methylphosphonate SRL (B) on EF-G GTP hydrolysis rates. (A) Uncoupled EF-G GTPase activities using reconstituted ribosomes with the thiophosphate SRL modification. Both diasteromers (R P and S P ) possess WT activities. (B) For uncoupled ribosome-stimulated EF-G GTP hydrolysis, 2 pmol reconstituted ribosomes (WT and S P methylphosphonate) were incubated with 15 pmol EF-G and 670 pmol GTP at different pH (7.4, 7.0, 6.5, and 6.0). Products were separated via TLC and visualized by phosphor imaging. GTP hydrolysis was quantified using Aida image analysis software. Quantification shows the relative GTP hydrolysis after 30 min of incubation. GTP hydrolysis at standard pH, pH 7.4, was set to 1. Means and SD of three independent experiments are shown. Relative rates (k rel ) of GTP hydrolysis are indicated within the bars. The S P methylphosphonate is available for hydrogen bonding to His87 but is uncharged, and hence, the activity is slightly reduced (Top). The R P methylphosphonate impairs positioning of His87, and hence, no activity is observed (Bottom). This interpretation is consistent with the observation that the corresponding A2662 phosphorothioate diastereomers-that are both charged and available for electrostatic interactions and H-bond networks-represent reactive probes; they provide activities that are comparable to WT.
of the imidazole nitrogen as previously proposed by computer simulations (41). The protonated histidine could then donate this proton to form a hydrogen bond to the catalytic water. In this scenario, the water is then ideally positioned in a way that allows the γ-phosphate of GTP to subtract a water proton. This substrate-generated hydroxide ion subsequently attacks the γ-phosphate, leading to GTP hydrolysis (Fig. 7) . In the A2662 methylphosphonate-modified ribosomes, the active S P stereoisomer is still able to hydrogen bond to the active site histidine; however, due to the absence of the negative charge at the SRL backbone, the pK a shift at the catalytic histidine appears not to be as substantial as in ribosomes carrying a phosphodiester bond (Fig. 7) . This catalytic scenario and the significance of the negative charge at A2662 are compatible with the phosphorothioate-modified SRL, because both stereoisomers carry a negative charge and trigger GTPase as efficiently as the WT control (Fig. 6 ).
This mechanistic model is also compatible with recent in silico approaches that predict the catalytic histidine (His84 of Escherichia coli EF-Tu) to be protonated and to be part of an allosteric repositioning of active site residues (38) . The authors suggest that for such an allosteric model, the electrostatic interaction between the positively charged histidine and the negatively charged phosphate oxygen at A2662 is important, and they predict that the removal of the latter charge would render GTP hydrolysis pH dependent. Our data are fully compatible with this prediction because the elimination of the negative charge at A2662 results in a GTP hydrolysis reaction that is inhibited at low pH values compared with the WT control (Fig. 6) .
Although our data contribute to the understanding of the role of the nonbridging phosphate oxygen at A2662 of the SRL for ribosome-triggered GTP hydrolysis, it does not yet allow a complete mechanistic model to be drawn. Very recently another residue, namely an aspartate residue (Asp21 of EF-Tu), has been shown to be crucial for stimulation of GTP hydrolysis by EF-Tu on cognate decoding, whereas it is dispensable for intrinsic GTPase activity (42) . It was suggested that basal GTP hydrolysis of trGTPases does not involve side chains of Asp21 and His84. This consideration further raises the intriguing possibility that the mechanism of GTP hydrolysis differs on and off the ribosome.
In this work, we could show that the proS P nonbridging phosphate oxygen of A2662 is required for stimulating GTPase activity of the two trGTPases EF-G and EF4. This specific phosphate is only the second example for an rRNA backbone functional group that has been identified thus far using the atomic mutagenesis technique to play a pivotal role in ribosomal reactions. Although for ribosome-catalyzed peptide bond formation, the ribose 2′-OH at A2451 has been shown to be important (35, (43) (44) (45) ), here we demonstrate the nonbridging phosphate oxygen of A2662 to participate in activating GTP hydrolysis on trGTPases.
Materials and Methods
RNA Methylphosphonate Synthesis. Standard phosphoramidite chemistry was applied for RNA strand elongation and incorporation of methylphosphonates (46) . 2′-O-TOM standard RNA nucleoside phosphoramidites were purchased from ChemGenes, dG and 2′-OCH 3 -G methyl phosphonamidites from ChemGenes and Glen Research, and polystyrene support from GE Healthcare (Custom Primer Support, 80 μmol/g; PS 200). All oligonucleotides were synthesized on a ABI 392 Nucleic Acid Synthesizer following standard methods: detritylation (80 s) with dichloroacetic acid/1,2-dichloroethane (4/96); coupling (2 min for standard amidites and 6 min for methylphosphonamidites) with phosphoramidites/acetonitrile (0. N,N-diisopropyl) ]-phosphonamidite had to be dissolved in tetrahydrofuran, the corresponding 2′-OCH 3 -G phosphonamidite was applied in acetonitrile.
RNA Thiophosphate Synthesis. For the synthesis of thiophosphate-containing RNA, automated phosphoramidite chemistry was applied as described above. Sulfur was introduced manually using phenylacetyl disulfide (PADS) in analogy to ref. 47 . (Fig. 3) ; SRL thiophosphate stereochemistry was tentatively assigned based on their retention time by reversedphase column chromatography according to ref. 49 .
Deprotection of
Enzymatic Ligation of Diastereomerically Pure Methylphosphonate-and Thiophosphate-Containing RNA. Enzymatic ligation experiments using T4 DNA ligase (Fig. 2) were performed with the separated RNA diastereomers in analogy to a previously published procedure (50) . TEA, 100 mM 1,1,1,3,3,3-hexafluoroisopropanol in H 2 O (pH 8.0) ; eluant B, methanol; gradient, 0-100% B in A within 30 min; UV detection, 254 nm.
NMR Spectroscopy. The RNA sample was lyophilized and dissolved in D 2 O containing 10 mM KH 2 PO 4 and 50 mM KCl, pH 6.4. The final RNA concentration was 0.2 mM. The 1 H 1D-NMR spectra were acquired using a doublepulsed field gradient spin-echo pulse sequence. The NOESY 1 H, 1 H-NMR spectra were acquired on a Bruker Avance II+ 600 MHz spectrometer equipped with a proton-optimized triple resonance NMR 'inverse' probe (TCI) CryoProbe Prodigy (5 mm). The NOESY spectra were acquired at 278 or 298 K (Fig. 3) . The size of the data matrices were 2,048 × 300 complex data points, the number of scans was 144, the interscan delay was 1.5 s, and the mixing time was set to 150 ms, resulting in a total measuring time of 20 h for each spectrum.
X-Ray Crystallography. The 27-nt SRL hairpin modified with methylphosphonate at the G2661-A2662 step and a 2′-OCH 3 group on the G2661 residue was chemically synthesized. The diastereomers were separated by reversed-phase column chromatography, and the R P diastereomer was used for crystallization. RNA was dissolved in a buffer made with 1. mM Na EDTA, pH 8.0, and 10 mM Tris·HCl, pH 8.0, at a 350 μM concentration. The RNA sample was heated at 55°C for 10 min and cooled at 25°C by switching off the heating block. Crystals were grown for 2 wk at 20°C by mixing one volume of the RNA sample with one volume of a crystallization buffer made with 2.5 M ammonium sulfate, 10 mM magnesium acetate, and 50 mM 2-(N-morpholino)ethanesulfonic acid (Mes), pH 5.6. Crystals were cryoprotected for about 5 min in a reservoir solution containing 15% (vol/vol) glycerol and 3.0 M ammonium sulfate and flash-frozen in liquid ethane for data collection. X-ray diffraction data were collected using a fine slicing strategy (0.2°oscilla-tion) using the ×06SA beamline at the SLS synchrotron (51) Data were processed with the XDS Package (52). The structure was solved by molecular replacement using an unmodified SRL structure as a search model [Protein Data Bank (PDB) ID code 3DVZ] (53) and MOLREP (54) and refined with the PHENIX package (55) . The model was built using Coot (56) .
Reconstitution of 50S Subunits. Generation of the circularly permuted (cp) 23S rRNA, subsequent in vitro reconstitution of the 50S particles, and reassociation with native 30S subunits were done as previously described (15, 27, 43) .
The plasmid pUC19-cp2685-2639, encoding the cp2685-2639 rRNA under the control of the T7 promoter, was linearized using NsiI. The linearized plasmid was used as template for in vitro transcription. For generation of pUC19-cp2685-2639, the 23S was PCR amplified from pCPTaq23S (35) using the following primer: EcoRI-T7-2585 5′-CCGAATTCGGATCCTAATACGACTCACTATAGGTTTCC-CAGCTGTCCCTCCAGGGGCATA-3′ and HindIII-NsiI-Taq2639 5′-CCCCAAGCT-TATGCATCAAGCCTCCTGCGCCCGT-3′. The purified PCR product was cloned into pUC19 via the EcoRI and HindIII restriction sites.
To compensate the missing RNA sequence in the cp-23S rRNA, the following RNA oligos were added during in vitro reconstitution: 2640-2684 5′-GGGGUGCUCUUCCUAGUACGA-G2661-A2662-GGACCGGAAGGGACG-CACCUCU-3′, with the following modifications-dG2661-mP-A2662 (both diastereomers); 2′-OCH 3 -G2661-mP-A2662 (both stereoisomers); and G2661-thioP-A2662 (both stereoisomers); for control experiments-dG2661; 2′-OCH 3 -G2661. The G2644U mutation is used to facilitate SRL strand annealing to cp-23S rRNA.
Puromycin Reaction. The peptidyl transferase assay was carried out as previously described in ref. 35 using 1 pmol N-acetyl-[ 3 H]-Phe-tRNA Phe (15,000 cpm/pmol) as P-site substrate and 2 mM puromycin as acceptor substrate.
Multiple-Turnover EF-G GTP Hydrolysis. For the uncoupled GTP hydrolysis assay, reconstituted ribosomes (20 pmol cp2685-2639 23S rRNA, 200 pmol RNA oligo 2640-2684, and 2 pmol 30S E.coli) were ethanol precipitated for 30 min at −80°C and centrifuged for 20 min at 18,000 × g at 4°C, and the ribosomal pellet was resuspended in 5 μL GTPase reaction buffer (10.4 mM Tris·HCl, pH 7.4, 208 mM NH 4 Cl, 7.8 mM MgCl 2 , 0.1 mM EDTA, 3.12 mM spermidine, and 2.6 mM 2-mercaptoethanol). The following reaction was performed in GTPase reaction buffer: 0.7 μM deacylated tRNA Phe was bound to the P-site of reconstitued ribosomes in the presence of 26 μg poly(U) for 5 min at 37°C. The reaction was initiated by addition of 50 μM (γ-32 P)GTP (6,000 Ci/mmol, 10 mCi/mL; Perkin Elmer) and 1.14 μM his-tagged EF-G from Thermus thermophilus in a total volume of 13.4 μL and incubated at 37°C. At the indicated time points, 2 μL was withdrawn from the reaction and terminated by the addition of one volume of 20% (vol/vol) formic acid. Hydrolysis products were separated by TLC in 0.5 M KH 2 PO 4 as the solvent system (15) . TLC (Polygram CEL300 PEI/UV) plates were dried, exposed for 1-2 h, and scanned at the phosphorimager (FujiFilm). GTP hydrolysis in the absence of any complementing RNA oligonucleotide was considered as background, coming from slight contaminations of the 30S with native 50S and was subtracted from all experimental points. For the pH dependency assay, reactions were performed as described above; however, GTPase reaction buffer contained 10.4 mM Tris·HCl, pH 7.0, 6.5, and 6.0.
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Koch et al. 10 .1073/pnas.1505231112 Fig. S1 . Superposition of the unmodified SRL RNA (PDB ID code 3DVZ; red) and the 2′-OCH 3 -G2661-mP-A2662 R P methylphosphonate SRL RNA (PDB ID code 4Y27; blue); RMSD of 0.08 Å. Fig. S2 . Superposition of the 23S rRNA (within the context of the 70S ribosome; PDB ID code 4YBB; green) and the 2′-OCH 3 -G2661-mP-A2662 R P methylphosphonate SRL RNA (PDB ID code 4Y27; blue); RMSD of 0.84 Å. Fig. S3 . Puromycin assay using SRL reconstituted ribosomes. Puromycin reaction to test for peptide bond formation activity and therefore correct assembly of reconstituted ribosomes was performed as described previously in ref. 1 . Peptide bond formation of WT ribosomes was set to 1, and activities of modified SRL ribosomes are represented relative to WT. R P and S P refer to the two diastereomers of dG2661-mP-A2662-modified SRL oligonucleotides used for reconstitution. All SRL oligonucleotides (WT, R P , and S P ) contained the U2466 mutation; w/o refers to reconstituted ribosomes that lack the SRL oligonucleotide and therefore provide a gap instead. S4 . Original TLC data referring to the graphs shown in Fig. 6 : impact of A2662 thiophosphate SRL (A) and pH dependence of A2662 S P methylphosphonate SRL (B) on EF-G GTP hydrolysis. (A) Uncoupled EF-G GTPase activity. TLC traces of a representative time course experiment using reconstituted ribosomes with the thiophosphate SRL modification. Three independent time course experiments have been performed and quantified to obtain means and SD shown in Fig. 6A . For uncoupled ribosome-stimulated EF-G GTP hydrolysis, 2 pmol reconstituted ribosomes (without SRL oligo, WT oligo, and both S P and R P thiophosphate diasteromers, respectively) were incubated with 15 pmol EF-G and 670 pmol GTP. Products were separated via TLC and visualized by phosphor imaging. Signals of radioactive GTP and Pi are indicated. (B) TLC traces for EF-G-stimulated GTP hydrolysis performed at different pH (7.4, 7.0, 6.5, and 6.0) after 30 min of incubation; 2 pmol of reconstituted ribosomes (WT and S P methylphosphonate) were incubated with 15 pmol EF-G and 670 pmol GTP at different pH (as indicated). Products were separated via TLC and visualized by phosphor imaging. Three independent experiments have been performed and used for determination of means and SD shown in Fig. 6B . 
